Natural clays and materials such as bentonite, zeolite and sepiolite have been widely used for environmental and agricultural purposes because of their easy application and relative low cost. The aim of the present study was to investigate the sorption capacity of the natural Turkish (Reşadiye) bentonite (NTB) for the removal of ammonium (NH + 4 ) ions from aqueous solution from the viewpoint of both the sorption isotherms and the associated thermodynamics. The influence of pH, adsorbent dosage and temperature on the sorption of NH + 4 ions onto NTB was also studied. It was found that the non-linear Langmuir model was more suitable for describing the sorption of NH + 4 ions onto NTB since the application of this model exhibited a higher coefficient of determination (R 2 = 0.99) than that for the non-linear Freundlich model (R 2 = 0.98). The Dubinin-Radushkevich (D-R) model was also applied to the equilibrium data (R 2 = 0.99). The maximum sorption capacity towards NH + 4 ions was determined via the Langmiur equation and found to be 30.12 mg/g. A comparison of the sorption capacity of NTB with those for various adsorbents revealed that this adsorbent had a high sorption capacity for the removal of NH + 4 ions. The results obtained from an application of the D-R isotherm showed that the sorption of NH + 4 ions onto NTB was a physical process.
INTRODUCTION
A number of health problems involving living species such as humans and animals have been attributed to the release of excess nitrogen-containing compounds into the environment (Li et al. 2003) . Hence, the control of nitrogen-containing compounds into the environment is important in the protection of public health. The presence of nitrogen at high concentrations in surface or groundwater arises from the discharge of domestic and industrial wastewaters, the diffusion of pollution from cattle-farming activities and the application of nitrogen-based fertilizers used in plant production (Leakovic et al. 2000; Maranon et al. 2006) . Ammonium is one of the most common nitrogen compounds in wastewaters and groundwater. Some industries such as coke plants, fertilizer factories and metal-finishing plants and the above agricultural activities may lead to ammonium pollution in the environment (Li et al. 2003; Leakovic et al. 2000; Maranon et al. 2006; Koivula et al. 2000) .
Physical, chemical and biological purification methods have been used in wastewater treatments as a means of minimizing the concentration of ammonium (NH + 4 ) ions without destroying the physical and ecological properties of the environment. Of these methods, sorption using natural clays has been widely considered because of its ease of application and relatively low cost. As a consequence, negatively charged clay minerals such as bentonite, zeolite, sepiolite and other similar materials have been widely used to remove NH + 4 ions from various environmental media (Ruiz et al. 1997; Rožić et al. 2000; Sarioglu 2005; He et al. 2002; Amon et al. 1997; Karadag et al. 2006) .
Bentonite clays are largely composed of montmorillonite clays with different cations in the octahedral sheets (Grim 1962) . Such materials are 2:1 type clay minerals having a layered structure consisting of one Al-octahedral and two Si-tetrahedral sheets (Kaya and Ören 2005) . The layers are bound to each other by weak forces (Borchardt 1989) . Such weak forces and the lower layer charge lead to the free expansion of both the internal and external surfaces of clay minerals, so that water molecules can easily penetrate between the layers (Mitchell 1993) . The hydrated clays have an affinity for NH + 4 and other cations (Balcı and Dinçel 2002) , and several authors have reported studies of the use of bentonite as a sorbent for trace metals (Kaya and Ören 2005; Nasem and Tahir 2001; Inel et al. 1998; Bereket et al. 1997; Donat et al. 2005) . However, comprehensive studies of the sorption of NH + 4 ions from aqueous solution by natural bentonite have not been conducted to date. Indeed, there is a case for exploring the potential of natural bentonites for the sorption of NH + 4 ions from various media such as aqueous solutions, wastewaters and landfills. The aim of the present study was to investigate the sorption of NH + 4 ions from aqueous solution using natural Turkish (Reşadiye) bentonite (NTB) and to express the process in terms of the sorption isotherms and the associated thermodynamics. The effects of pH, adsorbent dosage and temperature on the sorption of NH + 4 ions onto NTB were also studied.
MATERIAL AND METHODS

Characterization of the adsorbent material
Turkish bentonite (NTB), which occurs naturally near the town of the Reşadiye in the province of Tokat, Turkey, was used as the adsorbent. The major clay mineral deposit in this location is sodium montmorillonite (Onal et al. 2001) . This is di-octahedral in character and is formed in a marine environment by the modification of volcanic ash (Yalçın and Gümüşer 2000) . The mineralogical and chemical composition of NTB was determined using a Rigaku D-Max III X-ray diffractometer. NTB is composed of 59.6% SiO 2 , 15.4% Al 2 O 3 , 1.2% K 2 O, 2.6% MgO, 3.9% Fe 2 O 3 , 3.6% CaO, 0.5% TiO 2 , 1.9% Na 2 O and 0.2% P 2 O 5 , and its ignition loss at 1000 o C is 11.1% (Demirbas et al. 2006 ).
The natural bentonite samples were crushed in a mortar and sieved using a 200-mesh (75 µm) sieve. The crushed samples were dried in an oven at 378 K for 24 h before being used in the experiments. The specific surface area of NTB has been determined as 38.6 m 2 /g by the BET method (Demirbas et al. 2006) . Micrographs of NTB were also obtained using a scanning electron microscope (SEM; JEOL model 6400). Figures 1(a) and (b) depict the SEM micrographs obtained at magnifications of 350× and 1500×, respectively, which clearly indicate the porous nature of NTB.
Methods
Preliminary experiments were conducted to establish the optimal general conditions for the removal of NH + 4 ions from aqueous solution, i.e. the pH of the solution, adsorbent dosage and the temperature. Batch experiments were conducted using aqueous solutions containing 20-400 mg/l NH + 4 ion concentrations. Analytical grade ammonium chloride salt (NH 4 Cl) and de-ionized water were used in the preparation of the stock NH + 4 ion solutions. Sets of bottles containing adsorbate/adsorbent mixtures and closed with screw caps were placed in a shaker (Nüve ST 402) and shaken at temperatures of 294 K, 303 K, 313 K and 323 K, respectively, at 200 rpm. After equilibrium had been attained, the supernatants were filtered through a Whatman (No. 42) filter paper and their NH + 4 ion concentrations determined by a steam-distillation method (Mulvaney 1996) . The amount of NH + 4 ion sorbed by NTB was calculated as the difference between that initially in solution and that remaining after equilibration. The percentage sorption and the amount of NH + 4 ions (q e ) sorbed by NTB at equilibrium were calculated using equations (1) and (2), respectively:
(1) where q e is the amount of NH + 4 ions sorbed (mg/g), C 0 and C e are the initial and equilibrium concentrations of NH + 4 ions in solution (mg/l), respectively, V is the solution volume (l) and m is the weight of NTB employed (g). The mean value of the duplicate analysis was used to calculate the amount of NH + 4 ions in solution.
RESULTS AND DISCUSSION
Effect of pH
The effect of pH on the sorption of NH + 4 ions from aqueous solution onto NTB was studied at pH values of 5, 6, 7, 8 and 9, respectively. It was observed that the pH value had a significant effect on the sorption of NH + 4 ions by NTB, with the value decreasing as the solution pH increased above 7. Sorption was most favourable at neutral pH as shown in Figure 2 . The observed decrease in the sorption at higher pH can be explained in terms of the dissociation of NH + 4 ions and their conversion into ammonia by neutralization with hydroxide ions at alkaline pH values (Koivula et al. 2000) . For this reason, subsequent experiments were conducted on solutions with an initial pH value of 7.
Effect of adsorbent dosage
The adsorbent dosage is an important parameter since it determines the capacity for an adsorbate at a given initial concentration of the latter. The effect of NTB dosage on the sorption of NH + 4 ions was studied employing 0.1, 0.2, 0.4, 0.8 and 1.2 g NTB in 40 ml of solution. The sorption of NH + 4 ions increased as the amounts of NTB employed increased and became virtually constant above 0.4 g adsorbent ( Figure 3 ). In addition, further sorption of NH + 4 ions was negligible at adsorbent dosages greater than 0.4 g. This may be attributed to the fact that inadequate mixing occurred between the adsorbent and NH + 4 ions at higher adsorbent/water ratios due to the formation of a sticky gel-like material. Similar results relating to the amount of bentonite have been reported by Donat et al. (2005) . For this reason, the adsorbent dosage was maintained at 0.4 g in subsequent studies.
Effect of temperature
The effect of temperature (294 K, 303 K, 313 K and 323 K) on the sorption of NH + 4 ions was studied at different initial NH + 4 ion concentrations of 60, 100 and 150 mg/l, respectively. As seen in Figure 4 , the maximum amount of NH + 4 ions sorbed onto NTB occurred at 294 K and then decreased as the temperature was increased further to 323 K. This was due to the tendency of NH + 4 ions to desorb from the solution/solid interface with increasing temperature. This observed decrease with increasing solution temperature also indicated that the sorption of NH + 4 ions onto NTB was exothermic in nature. Similar results have been reported for the effect of temperature on the sorption of NH + 4 ions onto natural Turkish clinoptilolite (Karadag et al. 2006) .
Sorption isotherms
Sorption isotherms reveal the specific relationship between the concentration of adsorbate and its degree of sorption onto the adsorbent surface at a constant temperature. In the present studies, the sorption capacity of NTB for NH + 4 ions was evaluated using the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models.
The Langmuir model assumes that sorption occurs at specific homogeneous sites on the adsorbent and has been used successfully to describe many monolayer sorption processes. This model can be written in a non-linear form as (Langmuir 1918): where C e is the equilibrium concentration of the NH + 4 in solution (mg/l), q e is the amount sorbed at equilibrium by unit mass of the adsorbent (mg/g), q m is the maximum sorption capacity (mg/g), while K L represents the adsorption energy coefficient (l/mg) which is independent of temperature. Figure 5 shows the plot of the amount of NH + 4 ions sorbed at equilibrium per unit mass of NTB, q e , versus the concentration of NH + 4 ions remaining in solution, C e . The value of the coefficient of determination for this plot (R 2 = 0.99) indicates that the non-linear Langmuir model provided a good fit for the sorption data of NH + 4 ions onto NTB. From equation (3), the value of the maximum sorption capacity, q m , was found to be 30.12 mg/g while K L was 0.019 l/mg.
The effect of isotherm shape can be used to predict whether a sorption system is favourable or unfavourable. According to Hall et al. (1966) , the essential features of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor or equilibrium parameter R L which is written as:
where C 0 (mg/l) is the initial concentration of adsorbate and K L is the Langmuir constant. Values of R L > 1, R L = 1, 0 < R L < 1 and R L = 0 represent unfavourable, linear, favourable and irreversible isotherm types, respectively (Hall et al. 1966; Ho et al. 2002) . Figure 6 shows the variation of the separation factor, R L , with the initial concentration, C 0 , of the NH + 4 ions. The R L values show that sorption was more favourable at higher initial NH + 4 ion concentrations than at lower ones. It is obvious that the sorption of NH + 4 ions onto NTB from aqueous solution was favourable under the conditions studied.
The Freundlich model can be applied for non-ideal sorption onto heterogeneous surfaces involving multilayer sorption (Freundlich 1906 where K f is a constant related to the sorption capacity and 1/n is an empirical parameter related to the sorption intensity, which varies with the heterogeneity of the material. Figure 7 shows the nonlinear Freundlich isotherm obtained by plotting q e versus C e , for which the coefficient of determination, R 2 , was 0.98. This result indicates that the non-linear Freundlich model was capable of providing an adequate description of the relationship between the amount of NH + 4 ions sorbed by the natural bentonite and its equilibrium concentration in the aqueous solution. The values of K f and 1/n were determined as 1.07 and 0.64, respectively. It will be noted that the value of 1/n was between 0 and 1, indicating that the sorption of NH + 4 ions onto NTB was favourable under the conditions studied. However, the Freundlich isotherm model was not thermodynamically consistent since it did not reduce to Henry's law at infinite dilution (Ho et al. 2002) .
The Dubinin-Radushkevich (D-R) model was also applied to the equilibrium data to determine if sorption had occurred by physical or chemical processes (Donat et al. 2005; González Pradas et al. 1994; Dubinin et al. 1947) . The linearized form of the D-R isotherm may be written as:
ln q e = ln q m + βε 2
where q e is the amount of adsorbate sorbed per unit weight of adsorbent (mol/l), q m corresponds to the maximum sorption capacity (mol/g), β is the activity coefficient related to the mean sorption energy (mol 2 /J 2 ) and ε is the Polanyi potential. The Polanyi potential may be described by the following equation:
where R is the gas constant [J/(mol K)], T is the temperature (K) and C e is the equilibrium concentration of NH + 4 ions (mol/l). Similarly, the mean sorption energy (E, kJ/mol) may be written as:
This sorption energy is independent of the temperature but varies depending on the nature of the adsorbent and adsorbate (Donat et al. 2005) . The magnitude of E provides information on the nature of the sorption process, i.e. whether it is chemical or physical, with values in the range 1-8 kJ /mol corresponding to physical sorption and in the range 9-16 kJ/mol to chemisorption (Donat et al. 2005; González Pradas et al. 1994; Dubinin et al. 1947) .
The values of β (-3.81 × 10 -6 mol 2 /J 2 ) and q m (8.76 × 10 -4 mol/g) were calculated from the slope and intercept of the plot of ln q e versus ε 2 (see Figure 8 ). Equation (8) gave a value of E equal to 0.36 kJ/mol, indicating that the sorption of NH + 4 ions onto NTB was physical in nature. Isomorphic replacement, creating permanent negative charges, commonly occurs in the octahedral sheet of montmorillonite clay (bentonite) and the NH + 4 ions are far from the negative charges on the layers (Grim 1962; Yalçın and Gümüşer 2000) . Hence, the attraction of NH + 4 ions by the negative charges in the octahedral sheets of the bentonite is weak.
Comparison of NTB with various adsorbents
A comparison of NTB with various other adsorbent materials (Koivula et al. 2000; Sarioglu 2005; Karadag et al. 2006; Balcı and Dinçel 2002; Rodrigues et al. 2007; Weatherley and Miladinovic 2004; Lebedynets et al. 2004; Yu et al. 2001) in terms sorption capacity for NH + 4 ions is given in Table 1 . As clearly seen from this table, NTB has a high sorption capacity which is comparable with that of the other adsorbents considered. Hence, since this natural adsorbent has a low cost, it may be used as an alternative material to minimize the concentration of NH + 4 ions in wastewater, agricultural and animal wastes.
Thermodynamic parameters
To illustrate the influence of temperature on the sorption of NH + 4 ions by NTB, the distribution coefficient or thermodynamic equilibrium constant, K d (ml/g), was calculated for temperatures of 294 K, 303 K, 313 K and 323 K, respectively, using the following equation: where q e is the amount of adsorbate sorbed onto the adsorbent at equilibrium (mg/g) and C e is the equilibrium concentration (mg/l) of the solute in solution.
Values of K d equal to 189.9, 133.5, 115.1 and 113.5 ml/g were calculated for temperatures of 294 K, 303 K, 313 K and 323 K, respectively, employing equation (9). These results indicate the exothermic nature of the process.
Similarly, in order to examine the thermodynamic behaviour of the sorption of NH + 4 ions onto NTB, the enthalpy change (∆H 0 ) and entropy change (∆S 0 ) were calculated from the slope and intercept of the plot of ln K d versus 1/T on the basis of the following equation (Donat et al. 2005; González Pradas et al. 1994 ) as shown in Figure 9 :
In addition, the Gibbs free energy change (∆G 0 ) was calculated from the relationship:
The value of ∆H 0 was found to be -15.9 kJ/mol, the negative nature of this quantity indicating that the sorption of NH + 4 ions onto NTB occurred via an exothermic process. The low ∆H 0 value showed that no strong interactions occurred between the NH + 4 ions and the negatively charged sites on the bentonite. This may be attributed to the location of isomorphic substitution sites and weak bonding between the layers of the bentonite clay (Grim 1962; Demirbas et al. 2006) . The value of ∆S 0 was -11.0 J/(mol K), the negative value implying that NH + 4 ions in the solid phase (on the surface of the adsorbent) were distributed in a less chaotic fashion than in the relatively disordered state of the bulk phase (aqueous solution). Moreover, the ∆G 0 values were -12.7, -12.5, -12.4 and -12.3 kJ/mol for temperatures of 294 K, 303 K, 313 K and 323 K, respectively. The negative ∆G 0 values indicate the feasibility and spontaneous nature of the sorption of NH + 4 ions onto NTB. The fact that the ∆G 0 values were less than -20 kJ/mol also indicates that the sorption was a physical process (Yu et al. 2001 
